Total hip replacement is one of the most frequently performed orthopaedic procedures. Aseptic loosening with accompanying osteolysis is a well-recognised and common cause of failure, 1 and accounts for 74% to 86% of first revisions. 2 Marked osteolysis with concomitant bone loss may lead to substantial technical difficulties at revision. 3 A granulomatous membrane is found around loosened prostheses 4 which contains macrophages, fibrous tissue and particulate debris from the components of the prosthesis and cement. Activated macrophages can resorb bone, both directly and indirectly, via cytokine-mediated activation of osteoclasts. 5 Macrophages in the membrane produce cytokines such as interleukin (IL)-1␤, IL-6 and tumour necrosis factor (TNF)-␣ and also prostaglandins. [6] [7] [8] Several studies have examined the effect of polyethylene wear debris on the function of macrophages in vitro. Some have found an increased production of cytokines, 9 but others have failed to show that particles alone can stimulate osteolysis in vivo. 10 Furthermore, it is difficult to understand the clear association between early migration and late failure, if early failure is principally conditioned by wear debris. 11 In prosthetic joints fluid is 'pumped' around the implant by movement of the joint which may contribute to the spread of wear debris, but must also cause fluctuations of pressure within the fluid of the false joint. 12 The pressures involved may be as low as 0.027 MPa (200 mmHg) but pressures of 0.102 MPa (767 mmHg) have been measured. 13, 14 Pressure itself has been shown to cause osteolysis in an animal model. 15 Studies on chondrocytes and osteoblasts have shown that physical factors can cause changes in cellular function and it has been suggested that macrophages elsewhere in the body respond to physical stimuli. [16] [17] [18] [19] [20] Mattana et al 18, 19 have found that strain and pressure have opposing effects on the uptake of the IgG complex. We have examined whether cyclic pressure could cause activation of human macrophages in vitro.
Materials and Methods
We designed an apparatus to allow application of cyclic and ambient pressure to monocyte-derived (M-D) macrophages in a standard cell-culture plate (ACAS Pneumatics, Salford, UK). This consisted of a sealable perspex vessel with a volume of 500 ml, in which a standard 24-well culture plate could be placed. The vessel was pressurised from a cylinder of air with 5% CO 2 (British Oxygen Company Ltd, Manchester, UK) which was controlled by a regulator and a solenoid valve. The pressure, the time applied and the time between cycles could all be varied independently using separate regulators and timers.
Temperature was monitored using a probe placed through a sealed port in the pressure vessel (BDH Digithermo; Merck Ltd, Lutterworth, UK). Before use it was confirmed that the variation in temperature was less than 1°C even at rapid cycling of 0.5 seconds on and 0.5 seconds off, by a series of experiments in which the temperature was measured and recorded every 30 seconds for a period of one hour. The entire unit was contained in an incubator and maintained at 37°C. The plate was placed in the test container on supports preventing differential pressure across the upper and lower surface of the wells, thus avoiding strain at the surface of the well.
We used surplus buffy coats from human donor blood (National Blood Transfusion Service, Manchester, UK) which were obtained less than 24 hours after donation. These were diluted in a ratio of 1:1 with phosphatebuffered saline (PBS) and the white cells extracted by centrifugation at 2000 rpm for 30 minutes through a separation medium (Lymphoprep; Life Technologies Ltd, Inchinnan, UK). The supernatant was discarded and the layer of white cells carefully pipetted from the surface of the separation medium. The cells were spun down in a centrifuge at 1000 rpm for ten minutes and resuspended in PBS to wash off the residual medium. This process was repeated three times altogether, the last wash and resuspension being done with culture medium. The white cells were then placed in flasks, left for one hour and the macrophages isolated from other white cells using their property of adherence. Nonadherent cells were then discarded with the media and fresh media applied to each flask. Adherent cells were cultured in minimum essential medium without Phenol Red (Gibco) with 20% fetal calf serum, penicillin and streptomycin and added L-glutamine in air with 5% CO 2 at 37°C for seven to ten days, with changes of media every 72 hours before testing. At the last change of medium the cells were scraped from the flask, counted and reseeded at known densities in 24-well plates which were then placed in the pressure vessel. The lid of the plate was not applied; this ensured that there was an even ambient pressure across the plate and avoided the effects of flow around the lid.
After exposure to pressure the supernatant was collected and stored at -70°C before analysis of cytokines with ELISA test kits for IL-1␤, IL-6 and TNF-␣ (R & D Systems, Abingdon, UK). Before and after testing in the pressure device cell viability was confirmed by exclusion of Trypan Blue. The cell phenotype was confirmed by staining with tartrate-specific acid phosphatase (TRAP), nonspecific esterase and CD68 monoclonal antibody (a monocyte/macrophage marker) using standard techniques.
During the experiments M-D macrophages from each buffy coat acted as their own control in paired tests. The number of cells per well, the medium, the temperature of the incubator, the time in culture, the composition of the culture gas and viability were all similar for the test and control cells. Cell densities varied between buffy coats and were between 1 ϫ 10 6 and 1 ϫ 10 7 ml -1
. The following pressure regimes were examined: 1) Control. No pressure.
2) Regime 1. Cyclic pressure of 0.138 MPa (20 PSI) for eight hours at a slow cycle rate of 20 seconds (0.05 Hz).
3) Regime 2. Cyclic pressure of 0.138 MPa (20 PSI) for one hour at a fast cycle rate of 2 seconds (0.5 Hz).
All of the cycles gave a square-wave pressure cycle. The experiment was repeated three times for each test group and analysis of cytokines performed in duplicate.
After measurement of the cytokines, the levels for test and control specimens were compared using the Friedmann and the post-hoc Wilcoxon signed-rank tests, using SPSS for Windows. The Friedmann test is a non-parametric equivalent to repeated-measures analysis of variance.
Results
Before investigating the behaviour of macrophages we performed a number of control experiments. First, medium alone was placed in the pressure vessel to confirm that the regimes of pressure had no effect on the medium itself. After exposure to cycles of pressure the levels of IL-1␤, IL-6 and TNF-␣ within the media from the vessel were measured and compared with those of media which had been in the normal incubator. Secondly, we investigated loss of fluid by evaporation. With the lid in situ, evaporation was uneven; the use of the lid on the culture plate was therefore abandoned. Some evaporation still occurred and the volume of media loss was dependent on the time in the pressure vessel. All tested samples were therefore made up to a known volume before analysis of cytokines, knowing that pressure did not affect the media itself. The same bottle of medium was used throughout to exclude variation between media. Finally, media were tested for changes in pH, which was found to fall marginally (7.6 to 7.4) in spite of buffering. Separate experiments varying the pH of the media to this level, however, did not result in changes in the production of cytokines in M-D macrophages.
In initial experiments using cells from buffy coats, histochemistry and immunohistochemistry confirmed the identity of the cells as macrophages. Cells were more than 90% positive for CD68 and non-specific esterase and were negative for TRAP. Cell viability was confirmed both in initial experiments and after subsequent tests. Cultured cells were more than 95% viable as judged by exclusion of Trypan Blue.
The mean levels of cytokines for the control and test groups are shown in Table I . Because of the wide variation in individuals these are only illustrative examples, but they do indicate that there was a general increase in the secretion of cytokines with pressure.
Both regimes of cyclic pressure resulted in increases in concentrations of supernatant of IL-6 and TNF-␣ and pressure regime 2 also resulted in increases in IL-1␤ (Figs 1 to  3) . Table II shows the statistical analysis of the results, including the effect of Bonferroni's correction of ␣ for multiple comparisons in these tests. Both IL-6 and TNF-␣ were significantly increased on pressurisation (Friedmann two-way ANOVA, p < 0.0001 and p = 0.0047) and post-hoc Wilcoxon signed-rank tests also indicated that levels of IL-6 and TNF-␣ were both significantly elevated under both pressurisation regimes compared with controls (p < 0.01). Differences between test and control were significant for IL-1␤ in the high-frequency regime (Friedmann two-way ANOVA, p = 0.0027), but levels of IL-1␤ were undetectable in control macrophages and in the low-frequency regime (Fig. 1) . The higher-frequency regime resulted in significantly raised concentrations of IL-1␤ in the supernatant (post-hoc Wilcoxon signed-rank test, p < 0.01).
Discussion
Our study has shown that cyclic ambient pressure results in increased secretion of the cytokines IL-1␤, IL-6 and TNF-␣ by human M-D macrophages. These cytokines have been shown to be present in macrophages in loosening membranes in vivo 7, 8 and are implicated in bone resorption. [21] [22] [23] IL-6 and TNF-␣ were increased both by prolonged lowfrequency cyclic pressure (8 hours, 0.05 Hz) and by a brief period of higher-frequency stimulation (1 hour, 0.5 Hz). IL-1␤ was only detectable in supernatants from macrophages subjected to regime 2 with stimulation of a higher frequency and shorter duration. Other workers have also reported that cultured monocytes and macrophages do not secrete this cytokine in culture when exposed to wear debris. 24 Absolute levels of these cytokines are difficult to interpret at the present time. The literature shows wide variations in their measured amounts under different stimuli. 7, 9, 25 Our levels are similar to those found by Chiba et al, 7 but much lower than those of Shanbhag et al. 9 This may in part reflect underlying polymorphism in the population. 26 There is general agreement that activated macrophages in the membrane around loosened prostheses contribute to localised osteolysis. Research into the mechanisms of activation of macrophages and osteolysis has concentrated on the role of polyethylene wear debris. Debris can be widespread, and the concept of synovial circulation in a 'total joint space' 12 was proposed as a mechanism by which it may be distributed. Table I . Effects of the two regimes of cyclic pressure on the mean (± SD; range) concentration (pg/ml) of IL-1␤, IL-6 and TNF-␣ (C, no pressure; P1, regime 1; P2, regime 2; n = 12; see text) initiate the osteolysis which is seen later 11, 27 and that wear debris is unlikely to be the only factor leading to loosening and loss of bone. 28 Local osteolysis can also occur in relation to defects in the cement mantle. Examination of such areas has shown substantial variation in pressure with movement of the joint. 13 Hendrix et al 14 measured levels of pressure up to 0.102 MPa (767 mmHg) around loose hip prostheses. The pressures which we used were of the same order as those demonstrated by these workers. Recently, van der Vis et al 15 and Aspenberg and van der Vis 28 have shown that bone resorption around an implant in a rabbit was strongly influenced by change in cyclic pressure. They noted macrophages around loose implants but not around those which were stable. There has been increasing interest in the effect of cyclic mechanical strain on cells in the skeleton, with several methods of investigation being described 18, 29, 30 and fluid flow has also been postulated as an important mechanism in other types of cell including osteoblasts. 31, 32 Various methods have also been used to investigate the effect of changes in pressure on cells, 16, 20, 21 but there have been few investigations of the effect of changes in cyclic pressure. KleinNulend et al 17 showed that cyclic pressure influenced the metabolism of chondrocytes in an organ culture; the pressure was applied using a pump from a storage vessel. Current health and safety legislation in the UK strongly discourages such a design because of the dangers of storing gas at pressure. We also felt that recycling of the gas might lead to variation in its composition as the cells respired. Our design was more similar to that used by Wright et al, 16 but we used small-welled culture plates rather than flexible Petri dishes and eliminated differential pressure across the upper and lower surfaces of the wells. This prevented the strain effect which was found to cause detectable changes in chondrocytes with the system of Wright et al. 16 They found that chondrocytes failed to respond to the levels of cyclic pressure applied in these experiments in the absence of strain. Mattana et al 19 and Singhal et al 20 have made several studies of the effect of applied pressure on macrophages. They showed that small applied pressures resulted in increases in uptake of IgG by macrophage-like cells but that cyclic strain caused a decrease. 18 The migration of monocytes was increased by applied pressure. The importance of the modulation of the activity of macrophages by cyclic pressure is not limited to loosening of the implant since macrophages are present throughout the body. high-frequency positive-pressure ventilation has been shown to increase levels of TNF-␣ mRNA in the lung. 30 In the musculoskeletal system, applied pressures may influence osteoclasts as well as macrophages, but Rubin et al 33 have
shown that constant applied pressure of 0.101 MPa reduced macrophage colony-stimulating factor mRNA in a cultured osteoclast cell line; they argued that this indicated that recruitment of osteoclasts is inhibited by applied pressure, and suggested this as a possible mechanism for the adaptive reduction of bone resorption in response to increased mechanical strain. In our study, it is recognised that the differences in both the duration and frequency of stimulation in the two regimes mean that it is not possible to draw specific conclusions about the relative importance of these two variables. The effect of both regimes on M-D macrophages, however, indicates that pressure significantly affects the behaviour of these cells despite some variation in the regime of applied pressure. The findings with IL-1␤ indicate that variations in regime may alter the response seen, but further work on the effects of frequency, amplitude and duration of pressure stimulation will be required to understand this cellular behaviour better.
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